[1] We determine the focal mechanisms of earthquakes within the Philippine Sea slab beneath the Tokyo metropolitan area, and perform stress tensor inversions to investigate the detailed stress field within the slab. The results show a characteristic spatial variation in earthquake-generating stress. Slab stress in northeastern part of the PHS slab is characterized by down-dip tension (DDT), except for the uppermost tip of the seismic portion of the slab where down-dip compression (DDC) stress is dominant. We interpret that DDT is caused by the net slab pull and DDC is attributable to local resistance to subduction at the tip of the slab. In southwestern part of the PHS slab, s1 and s3 are generally rotated oblique to the dip of the slab, suggesting that earthquakes occur under stress conditions of neither DDC nor DDT. The rotations in s1 and s3 may be related to stress accumulation by the slip deficit along the asperity of the 1923 Kanto earthquake (M7.9).
Introduction
[2] The Kanto district is located in a unique tectonic setting, characterized by the subduction of two oceanic plates, the Philippine Sea (PHS) and Pacific (PAC) plates. The PHS plate is subducting beneath the North American (NA) plate, and the PAC plate is subducting beneath both the NA and PHS plates [e.g., Seno et al., 1993] (Figure 1 ). As a result of this dual plate subduction, many M ∼ 8 and numerous M ∼ 7 earthquakes have repeatedly struck Tokyo, such as the 1923 Kanto earthquake (M7.9) that occurred along the upper surface of the PHS plate. Central Disaster Management Council [2004] has estimated ∼11,000 fatalities and economic losses of up to 112 trillion yen if an earthquake (M7.3) occurs along the PHS slab in the northern part of Tokyo bay.
[3] The seismic activity of small earthquakes beneath Kanto has been discussed in terms of the thick (∼60 km) PHS slab, and frictional and mechanical interactions along the PHS-PAC slab contact zone [e.g., Wu et al., 2007; Nakajima et al., 2009; Uchida et al., 2009] . Focal mechanisms of earthquakes in the PHS slab show that stress regimes of down-dip compression (DDC) and down-dip tension (DDT) are dominant in the upper and lower parts of the slab, respectively [Hori, 2006] . These focal mechanisms are different from those observed in the PHS slab beneath southwestern Japan [e.g., Wang et al., 2004] , indicating that the slab stress beneath Kanto is influenced by the local slab geometry or other factors. However, the great diversity of seismic activity and the complex geometry of the slab have prevented systematic investigations of the stress field within the PHS slab.
[4] This study discriminates earthquakes within the PHS slab from other earthquakes based on the recently determined geometries of the PHS and PAC slabs [Hirose et al., 2008; Nakajima et al., 2009] , and investigates the stress regime in the PHS slab in detail. The resulting spatial variations in the stress regime are discussed in terms of bending/unbending of the slab, negative buoyancy of the slab, resistance to slab subduction, and stress accumulated by a locked portion of the 1923 Kanto earthquake asperity.
Focal Mechanism Solutions
[5] The Japan Meteorological Agency (JMA) routinely determines focal mechanism solutions of earthquakes with M ≥ 3.2 beneath the Japanese Islands. To increase the amount of focal mechanism data, we determined focal mechanism solutions of smaller earthquakes by reading the initial P-wave polarities from raw records. First, we relocated earthquakes (M < 3.2) in the JMA catalogue beneath Kanto for the period from March 2001 to July 2010 using the 3D P-and S-wave velocity structures obtained by Nakajima and Hasegawa [2010] . Then, earthquakes that occurred within the PHS slab were selected based on the geometries of the PHS and PAC slabs [Hirose et al., 2008; Nakajima et al., 2009] . P-wave polarities were manually picked by careful inspection of the data recorded at stations shown in Figure S1 in auxiliary material, and focal mechanism solutions were determined for earthquakes with 10 or more polarity data, using the method of Hardebeck and Shearer [2002] .
1 To ensure well-constrained solutions, we only considered focal mechanism solutions with polarity errors of <10% and high quality (Quality A and B). Finally, we removed interplate earthquakes of the PHS and PAC slabs that satisfy both of the following criteria: (1) earthquakes with low-angle thrust-type focal mechanisms and with a slip vector consistent with the relative motion of each plate, and (2) earthquakes within <10 km from the upper surface of each of the PHS or PAC slabs. As a result, we obtained highly-accurate focal mechanism solutions for 79 earthquakes, 53 of which have M ≤ 2.5 ( Figure S2 ). We also consider the JMA-determined focal mechanism solutions of 165 earthquakes within the PHS slab. The focal mechanism solutions of the 244 earthquakes are shown in Figure S3 .
[6] The obtained orientations of P and T axes are shown in Figures 2b, 2c , 3a, and 3b. Earthquakes in northeast Kanto generally have T axes oriented in the down-dip direction (lines A-D in Figure 3 ). The exception is earthquakes that occurred at the northwestern tip of the seismic portion of the PHS slab, where down-dip P axes are dominant in the uppermost part of the slab. In contrast to lines A-D, focal mechanisms for earthquakes in southwest Kanto (lines E and F) show that the dip angles of P and T axes are oblique to the dip of the slab in the middle part of the PHS slab. Earthquakes in the lowermost part of the PHS slab have characteristic focal mechanisms, with P axes oriented parallel to the upper surface of the underlying PAC slab (lines D and E in Figure 3 ).
Stress Tensor Inversions
[7] To investigate the regional stress field in the PHS slab, we applied the stress tensor inversion method of Ito et al. [2009] to the obtained focal mechanism data. For the calculation, we set 280 grid nodes within the PHS slab with horizontal and vertical intervals of 20 km and 10 km, respectively, and performed stress tensor inversions using the 15 nearest earthquakes from each grid node. If 15 earthquakes were not located within a radius of 25 km from a given grid node, the node was not involved in the inversion. As a result, we obtained inversion results for 96 nodes ( Figure S4 ). It is noted that we obtained almost the same results when we used different grid intervals, number of earthquakes, and radius in the inversions.
[8] The orientations of s1 and s3 for each node are shown in Figures 2d and 3c . The results show clear spatial variations in the orientations of s1 and s3. The orientation of s3 is generally down-dip along lines A-D, suggesting that DDT stress is dominant in the PHS slab. However, DDC stress is observed locally in the upper part of the slab (horizontal axis, X, of ≥120 km in lines C and D in Figure 3c ). In southwest Kanto, s1 is generally oriented in the direction of relative plate motion (Figure 2d) . However, the dips of s1 and s3 are oblique to the dip of the slab (60 km ≤ X ≤ 100 km in lines E and F), resulting in rotations of s1 and s3 compared with their orientations in lines A-D. Consequently, earthquakes in these areas occur under stress conditions of neither DDC nor DDT. The rotations of s1 and s3 appear to occur beneath the asperity of the 1923 Kanto earthquake (M7.9). It is noted that earthquakes in the uppermost part of the slab [Hirose et al., 2008; Nakajima et al., 2009] , and orange dashed lines denote the PHS-PAC contact zone [Uchida et al., 2009] . Arrows indicate the directions of motion of the PHS and PAC plates relative to the North American plate [e.g., Seno et al., 1993] . Black triangles denote active volcanoes. The gray region indicates the slip area of the 1923 Kanto earthquake (M7.9) [Wald and Somerville, 1995] . Seafloor topography is shown by color shading.
still occur under DDC stress, even in southwest Kanto (X ≥ 100 km in lines E and F).
Discussion and Conclusions
[9] Slab bending/unbending stress has been invoked as the cause of DDC and DDT stresses in a subducting slab [e.g., Engdahl and Scholz, 1977] . Based on a 2D plate model, the magnitude of unbending stress is estimated to be on the order of 100 MPa [e.g., Tsukahara, 1980] . However, a quantitative estimation is difficult in the case of a complicated slab geometry. Instead, we calculated the changes in the curvature of the upper surface of the PHS plate with respect to the subduction direction, because an increase or decrease in curvature can result in the generation of the DDT or DDC stresses, respectively, in the uppermost part of the slab. Squares with colors ranging from red to blue in Figure 3c shows the stress field immediately below the upper surface of the PHS slab, as predicted from the slab geometry. The predicted stress regime is DDT for all lines at X ≥ 100 km. However, the observed stress regime is clearly DDC for the corresponding areas along lines C-F. Deformation due to [Ishibashi, 1975b] are shown in Figure 2a bending/unbending cannot account for the observed stress regime, at least in the uppermost part of the slab, and hence may not be a dominant factor on controlling the stress in the PHS slab.
[10] The net slab pull, which corresponds to negative buoyancy minus resistive drag exerted by the mantle on the slab, is considered to be about 10% [Schellart, 2004] or 70-100% [Conrad and Lithgow-Bertelloni, 2002 ] of the total negative buoyancy of the slab. We calculated an approximate value of the negative buoyancy for a simplified geometry of the PHS slab beneath Kanto (thickness: 50 km, length: 150 km, width: 200 km), using the equation of Turcotte and Schubert [2002] , and obtained the slab pull to be ∼40 MPa. The net slab pull is then estimated to be 4-40 MPa. This net slab pull generates the tensional stress inherent in the slab, and explains the DDT stress observed along lines A-D.
[11] The unique tectonic setting around Kanto has given rise to two types of resistances in the PHS plate. One is resistance due to accretion of the shallower portion of the buoyant PHS plate onto the NA plate at the north of the Izu peninsula [e.g., Tamura et al., 2010] . This resistance can act efficiently on both sides of the peninsula, generating compressional stress in the PHS plate. The other is resistance resulting from subduction of the PHS plate into the confined space between the overlying NA and underlying PAC plates [e.g., Wu et al., 2007] , which may result in compressional stress at the tip of the PHS plate [e.g., Hori, 2006] . We consider that large compressional stress, even though it is difficult to estimate its magnitude, has locally become dom- Figure 2 , together with background seismicity (gray circles). Black curves denote the upper surfaces of the PHS and PAC slabs. Thick black and dashed orange curves indicate the asperity of the 1923 Kanto earthquake and the PHS-PAC contact zone, respectively. The orientations of P and T axes of the 1922 Uraga channel earthquake (M6.8) [Ishibashi, 1975b] are shown by black bars in line E. (c) Cross sections showing the orientations of s1 (red) and s3 (blue) obtained by stress tensor inversions. Gray scales in squares indicate the value of misfit calculated in the inversions. The stress regime in the uppermost part of the PHS slab, as predicted from the slab geometry, is shown by squares with colors ranging from red (DDC) to blue (DDT) along the top of the slab surface (see the text for details).
inant over the inherent tensional stress, thereby generating the DDC stress regime only at the tip of the seismic portion of the PHS slab (X ≥ 120 km in lines C and D and X ≥ 100 km in lines E and F in Figure 3c ).
[12] To explain the rotations of s1 and s3 observed in southwest Kanto, we evaluated the stress field associated with interplate coupling along the asperity of the 1923 Kanto earthquake (M7.9), using the back-slip model [Savage, 1983] . A normal-fault-type movement is introduced along the Kanto asperity to model the occurrence of interplate coupling, and the principal stress is calculated for a medium with a Poisson's ratio of 0.25, using the method of Okada [1992] . The geometry and location of the asperity and the slip direction (N138°E) are taken from Wald and Somerville [1995] , considering a slip rate of 3 cm/yr [e.g., Seno et al., 1993] (Figure 4a ).
[13] The calculated results show that s1 and s3 beneath the asperity are oriented oblique to the dip of the slab surface (Figures 4b and S5) . Along lines E and F, the orientations of observed s1 and s3 are consistent approximately with those derived from the model, although the modeled s1 tends to be oriented more eastward than the observations (Figure 4b ). These results suggest that the observed stress regime is partly affected by the stress accumulated by the slip deficit of the Kanto asperity. The problem here is that an average value of stress accumulation beneath the asperity is ∼17 KPa for the slip deficit of 3 cm/yr. Therefore, the amount of stress accumulation over 88 years since 1923 is ∼1.5 MPa, which is insufficient enough to overcome the tensional stress inherent in the PHS slab (4-40 MPa). However, in the case that subduction of the buoyant Izu volcanic arc in the area south of the asperity (Figure 1 ) can result in a marked reduction in the net slab pull, the stress accumulated by interplate coupling would have a dominant effect locally on the stress field. The discrepancy in the orientations of s1 and s3 between the model and observations for line D (Figure 4b) suggests that the magnitude of the net slab pull is no longer sufficiently small to reflect the stress disturbed by interplate coupling.
[14] Ishibashi [1975a] relocated the hypocenter of the 1922 Uraga channel earthquake (M6.8), one of the largest earthquakes beneath Tokyo, in the PHS slab (white stars in Figures 2 and 3) . However, uncertainties in the hypocentral location were relatively large, with horizontal and vertical errors of ±25 km and ±21 km, respectively. Considering the orientation of P axis (line E in Figure 3) , which is more reliably constrained than those of the other axes [Ishibashi, 1975b] , the Uraga event is likely to be located slightly southeastward (X = 50-60 km) and at depths of 50-60 km. The Uraga event may have occurred before the 1923 Kanto earthquake in an area where the stress field is affected by the slip deficit of the Kanto asperity, although this interpretation needs to be confirmed by further investigations of the focal mechanism of the Uraga event based on the precise location of the hypocenter.
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[16] The Editor thanks two anonymous reviewers for their assistance in evaluating this paper. [Wald and Somerville, 1995] . The white arrow shows the direction of slip along the fault. The insert shows a cross section of the fault model (orange line). (b) Equal-area polar plots of calculated (reverse triangles) and observed (squares) s1 and s3 for grid nodes located beneath the Kanto asperity along lines D-F in Figure 4a .
